Abstract -Energy planning is a complex process involving multiple and conflicting objectives with many agents able to influence decisions. This complexity is frequently addressed with the use of multicriteria tools, relying on a set of criteria and different methods to aggregate all the information in a final ranking of the available alternatives. This paper describes the application of a multicriteria decision tool for the analysis of Portuguese electricity scenarios. A set of criteria is proposed aiming to include social, economic, environmental and technical aspects. Criteria weighting was directly addressed considering 5 approaches: equitable weights, financial, technological, social and environmental perspectives. Results indicate that close to 100% RES scenario is the best option under a social perspective, base scenario represents the best option on a technical approach and scenarios relying on natural gas and wind power units are the best options for the electricity system under equitable weights, economic and environmental approaches.
I. INTRODUCTION
The search for reliable and less polluting technologies for the electricity generation, without compromising the national economic growth, has been on the top of the decision-makers' concerns [1] . In this context, renewable energy sources (RES) play an important role, becoming a suitable investment for a low carbon future. Portugal presents a privileged access to a vast set of RES, such as hydro, wind, biomass and sun, and the achievement of a 100% renewable electricity system may be a way to indorse a sustainable form to produce electricity, totally independent from fossil fuel suppliers. However, some limitations derive from a highly renewable electricity system namely the need for mature technologies, grid integration and backup systems.
Least-cost evaluation can no longer be the only option to consider in the electricity power planning, as environmental, social and technical aspects must also be undertaken. Nevertheless, each criterion has its own target, usually resulting in conflicting objectives between different criteria. One efficient set of tools to deal with these problems is multicriteria decisions analysis (MCDA) [2] . However, MCDA usually implies collecting a large set of data from literature and from participative processes which can be highly resource consuming.
The aim of this work is to demonstrate how MCDA can help policy makers on going beyond the evident cost and environmental criteria relying on a simple MCDA tool based on tradeoff analysis. The tool is used to compare 5 different scenarios for the Portuguese electricity system to meet demand until 2030.
II. METHODOLOGY
The work started with the proposal of 5 scenarios, which were constructed using an adapted version of the long term optimization model developed on the SEPP project (Sustainable Electricity Power Planning) and described in [3] . Table I presents the scenarios. Their designation reflects the main type of electricity generation technologies which characterizes them. Scenario evaluation was performed by an adapted version of the Multi-Criteria Decision Tool to Support Electricity Power Planning (available on http://sepp.dps.uminho.pt/), described in [4] . The criteria assumed to be relevant for this work are described in Appendix 1, along with the respective references from which scenario relative impacts were computed. Most of the criteria were selected following [4] proposal but a few other ones were included, namely social acceptance, backup needs, water depletion and other emissions (particulate matter and SO 2 ). Criteria weighting was manually tackled considering 5 approaches: equitable weights, financial, technological, social and environmental perspectives, as described below.
Equitable approach: assumes that all criteria are equally important; according to [5] , this approach produces results nearly as good as optimal weighting methods.
Economic approach: values as more important the criteria directly or indirectly related to economic impacts namely costs, investments in grid transmissions, national industry and energy dependency, employment and public health were also accounted to this analysis because employment is an economic indicator of a country and public health. Particularly, public health has been seen as a problematic topic and gaining increasing attention by governments all over the world [6] .
Technical approach: reflects for example concerns on the flexibility of the system to respond to demand valuing more criteria related to the transmission network and backup needs, followed by the rate of dispatchable power and technology mix, as these last two criteria have a strong impact on security of supply.
Social approach: recognizes the importance of criteria such as social acceptance and public health, along with visual and noise impact, employment and local income and finally, land use.
Environmental approach: values the impact on environmental wellbeing, with impacts on air and soil pollution, here represented by CO 2 , PM and SO 2 emissions, land use, noise and visual impact.
III. RESULTS AND DISCUSSION
The attribution of relative weights for each criterion on each approach was made on a percentage scale (0% to 100%) and is presented in Fig.1 . The obtained scenarios preferences under each different approach are presented in Fig. 2 to Fig. 6 . From Fig. 2 it is observed that, under an equitable approach, the preference would be the scenario with higher investments in CCGT and wind power. On the other hand, base scenario would be the worst option. Under the economic perspective (Fig. 3) , the base scenario ranks last. This can be a somewhat puzzling outcome as this scenario presents the lowest average cost due to the strong reliance on coal power. The main justification lies in the other criteria also considered to be relevant for the economic dimensions, as employment and public health. The best scenario is the one with higher investments on wind energy and natural gas. From the technical perspective (Fig. 4) , the base scenario is the best option, followed by the second scenario, i.e., scenarios with little or no need for additional backup and grid transmission investment; besides presenting a very good rate of dispatchable power and technology mix are beneficed. The 100% renewable scenario is, in opposition, the less attractive option from a technical point of view, due to the high requirements of RES technologies and the non-dispatchable nature of most of them. From the results presented in Fig. 5 , it was demonstrated that 100% renewable scenario was by far the best option under a social perspective. In this analysis of environmental approach (Fig. 6 ), the scenario with major investment in wind and natural gas resulted in the best option, as it represents a compromise solution. Although it results in higher CO 2 emissions than the 100% RES scenario, the noise and visual impact are considered to be lower. Scenarios with coal power investments are not the worst options, because criteria such as noise, visual impact and land use, which benefit coal power plants when compared to RES, play an important role on an environmental perspective. Table 2 presents a compilation of the results for ranking scenarios according to each analysed approach. It can be concluded that base scenario, i.e., coal power plants, is the best choice only from the technical perspective. Scenarios with 100% electricity provided by renewable sources are preferred under social approach and scenarios with major investments on wind and natural gas are the preferred ones under equitable, economic and environmental approaches. 
IV. MAIN FINDINGS
RES technologies have been presented as competitive strategies to be included in the Portuguese electricity system. Although still expensive technologies and requiring additional technical considerations, when compared to fossil fuel power plants, RES offer friendly environmental characteristics and are fundamental to achieve national targets for the CO 2 emissions reduction.
In this work, the possibility and the implications of transforming the actual electricity system of Portugal, a very fossil fuel dependent system, into a low carbon one by the year 2030 was studied. Five scenarios were compared by multi-criteria decision analysis using different approaches: equitable weights, economic, technical, social and environmental approaches. 100% RES scenario was pointed out as the best option under a social perspective, whereas base scenario was the best option under a technical approach. The remained three approaches revealed the preference for the scenario with the highest investments on CCGT and wind power units.
A remarkable outcome of the research is that even when considering an economic perspective, scenarios with a high share of RES remain more interesting than the ones based on fossil fuels. This happens because for the MCDA it was assumed that economic aspects should not be limited to the investment and operating costs but must also include criteria with direct impact on the economic performance of the country, even if this may be felt only in the medium or long term run. If externalities, related to social or environmental impacts, were monetized and included in the analysis it would be expectable that high RES scenarios would reach even more favorable results as demonstrated under the environmental and social approaches.
The work presented allowed to demonstrate how MCDA may be used to structure long term electricity decision making, using a simple and user-friendly tool. It allowed to highlight the importance of each criteria, and to analyse the 
sensitivity of the results to the different weights assigned. The use of the tool was already demonstrated for Portugal, and work is now being conducted to test its potential implementation in other countries with different energy requirements and goals.
V. APPENDIX 1 -CRITERIA DESCRIPTION FOR THE MCDA.
Criteria Description References
Total cost (€/MWh) Represents the sum of the annualized costs of new installed units, as well as O&M of all units (including fuel), divided by the total amount of produced electricity in the planning period. a
The establishment of new electricity power infrastructures may require additional investments in the transmission system, namely on grid connection, reinforcement and extension. The highest investment was assumed for solar photovoltaic units, followed by mini-hydro and wind power units. For the all the stages for projection, construction and maintenance of generation infrastructures the use of industry of different sectors is required. This criteria aims to capture the impact of each scenario on the dynamics of national industry. Fossil fuel units were considered to have a minor impact when compared with renewables. Between these, sun and wind power units have the highest impact.
[9]
[10] [11] Energy dependency (%)
The criteria is evaluated by the share of electricity produced from imported primary energy (coal and natural gas). a
Diversity of mix (ratio)
The expression used to measure the diversity of the mix was based on Shannon-Wiener index. a
Rate of dispatchable power (%)
The criteria is evaluated according to the ratio between the total installed power of dispatchable technologies (hydro power with reservoir, natural gas, coal and biomass power plants) and the total installed power of the system. a Employment (jobs) Estimated values of direct and indirect jobs in each scenario, for the project, construction and operation of the power plants. [12] Local income (ordinal) Revenues obtained as compensation for the establishment of new generation infrastructures can have a positive impact in local populations, associations and municipal income.
[ Backup needs (%)
Insure overall grid stability in the long term in the context of a growing share of intermittent generation from some renewable energy sources. Higher shares of intermittent RES power production can require higher backup capacity. This criteria was assessed from the ratio between total installed power of solar, wind and mini-hydro power units and total installed power for the entire period.
a Visual impact (ordinal) The establishment and the functioning of new power units can cause changes on the landscape having thus a visual impact. [19] Noise (ordinal) The normal functioning of new generation infrastructures can have noise impact, causing annoyance to local population. [15] Water depletion (ordinal) Ratio between water consumption by all power plants during the overall planning period and the total electricity Obtained by a Life-cycle Assessment run in SimaPro software.
